Introduction
-alumina has the empirical formula Na 2 OÁ11Al 2 O 3 . There also exists, in the binary system Na 2 O-Al 2 O 3 , another compound with the empirical formula Na 2 OÁ5$7Al 2 O 3 , designated as 00 -alumina, similar in structure to -alumina. Beta-alumina (-and 00 -alumina) solid electrolyte is known to be a Na þ ion conductor and has been used in various scientific investigations of materials.
One of the important features of -and 00 -alumina is the possibility of exchanging mobile ions. There are many papers reporting ion exchange results for -and 00 -alumina with monovalent, divalent and even trivalent mobile ions. [1] [2] [3] [4] [5] [6] [7] Furthermore, application to thermodynamic studies or gas sensors by Na þ -0 -or 00 -alumina have also been made by many authors. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] On the otherhand, in addition to ion-exchange research, there are some thermochemical researches involving the ionexchanged -or 00 -alumina. The following studies have been reported: measurements of Ag activity in solid Ag-Pd alloys using Ag þ -00 -alumina, 21) Ag activity in solid Ag-Au alloys 22) using Ag þ --alumina and Cu activity in liquid Cu-Sn alloys using Cu þ --alumina, 23) developments of SO x sensor using Ag þ --alumina 24, 25) and NO x sensor using Ag þ --alumina, 26) determinations of 27) thermodynamic studies of sulfides using (Pb þ -Na þ )--alumina, 28) and so on. In this experiment, Na þ -00 -alumina was exchanged for Cu þ -00 -alumina by immersion in molten cuprous chloride. The partially ion exchanged (Cu þ -Na þ )-00 -alumina was used in the galvanic cell to determine copper activity in solid copper-nickel alloys.
Previous determinations of activities in the solid coppernickel system have been carried out by the electrochemical method by Rapp and Maak, 29) Katayama et al. 30) and Moser and Zakulski 31) using ZrO 2 +CaO solid electrolyte, and by Kontopoulos 32) using ThO 2 +Y 2 O 3 solid electrolyte. All of these studies used Ni-NiO mixture as the reference electrode of the cell and directly obtained the nickel activity, while the activity of copper was directly obtained in this study using 00 -alumina for the Cu þ ion conductor.
Experimental
2.1 Preparation of (Cu þ -Na þ )-00 -alumina The 00 -alumina used in this experiment was a disc type, 16 mm in diameter and 3 mm thick, supplied by NGK Spark Plug Co., Ltd. Na þ -00 -alumina, CuCl powder and copper powder with mass ratio of 4 : 1 were put into an alumina crucible. The crucible was placed into a reaction tube in the furnace. The copper powder was used to ensure the copper ion as monovalent.
The reaction tube was evacuated and heated slowly to about 400 K to ensure dehydration. High purity argon gas was introduced into the reaction chamber, then heated to 870 K, held at that temperature for 86.4 ks. In this temperature, CuCl is a liquid, and 00 -alumina is completely immersed in the liquid CuCl. Thereafter, the alumina crucible was cooled to room temperature in the furnace. The crucible was carefully crushed, and CuCl and Cu adhering to the surface of the 00 -alumina was shaved off. The ion-exchange rate of Na þ ion to Cu þ ion was estimated by the weight change of the 00 -alumina before and after the immersion experiment together with EDX analysis.
Preparation of Cu-Ni alloy electrodes
Total weight of about 1 g of copper powder (99.85%) and nickel powder (99.0%) both with particle sizes of 1.5 mm were mixed in molar fractions of copper ranging from 0.1 to 0.9 at intervals of 0.1. Both powders were reduced by hydrogen gas at about 770 K to remove oxide film on the surface before mixing.
The mixed powders were pressed to form a disc measuring 10 mm in diameter and about 2 mm thick. The alloy disc contained in a silica tube was sintered in an argon gas atmosphere at 1073 K for 18 ks and quenched in water. It was confirmed by X-ray diffraction and the lattice constant measurement that the sample had perfectly been alloyed.
2.3
Cell assembly and procedure of the EMF measurements Schematic view of the cell is given in Fig. 1 . The solid electrolyte used was the (Cu 2þ -Na þ )-00 -alumina disc prepared by the aforementioned method.
The cell is constructed by placing the solid electrolyte between the electrodes. One of the electrodes is the Cu-Ni solid alloy, and the other is pure copper. A spiral end of platinum lead wire was contacted to the electrodes and pushed them using a spring and a silica sample holder hang on the brass head. To maintain good contact between the electrolyte and electrode, both surfaces of the electrolyte were polished with diamond grit and the surface of the electrode was polished by emery and buff.
After the cell was put in the homogeneous temperature zone of a reaction tube, the reaction tube was evacuated and argon gas was introduced into the reaction tube and heated to the experimental temperature. Generally, the gas exchange was done three times. To avoid overpressure in the reaction chamber during the experiment, a mercury bleeder was installed.
The furnace used was of the silicon carbide resistance type and its temperature was controlled within AE1 K. The temperature of the cell was monitored by a temperaturecorrected Pt/Pt-13Rh thermocouple, and the EMF was measured using a high impedance digital electrometer, which has an input impedance higher than 10 13 .
Results and Discussion

Preparation of (Cu
The color of the 00 -alumina has changed from white to brown after immersion in the molten cuprous chloride. Fig. 2 shows the result of EDX analysis before ( Fig. 2(a) ) and after (Figs. 2(b) and (c)) the immersion of the ion-exchanged 00 -alumina. In Figs. 2(b) and (c), as no elements other than Al, Na, Cu and O were observed, it was considered that CuCl did not soak into the 00 -alumina. From the figure, it is clear that part of the sodium had been exchanged for copper. Furthermore, it was found that the exchange occurs inside the disc, because there was no difference in the elements shown by the EDX result between the surface (b) and the inside (c) of the disc. From the weight change before and after the immersion, the rate of exchange from Na þ to Cu þ was estimated to be approximately 50%.
EMF of the cell Cu/(Cu
To investigate the lowest temperature that the (Cu þ -Na þ )-00 -alumina operates as a solid electrolyte, EMF measurements were made on the following cell:
The cell was heated to around 1300 K in an argon gas atmosphere and held at that temperature. After the EMF of the cell (I) showed 0 AE 0:05 mV, the temperature was gradually lowered (0.08 K/s). During lowering the temperature, EMF measurements were pursued until the EMF deviated significantly from around 0 mV. The experimental results are shown in Fig. 3 . The EMF of the cell was almost 0 mV at about 800 K or higher. At lower temperatures, the EMF began to deviate from 0 mV. Though the reason the EMF began to deviate from 0 mV was not clear, the partially ion-exchanged 00 -alumina was considered to function as Cu þ ion conductive solid electrolyte above 800 K. 3.3 Measurements of copper activity in solid Cu-Ni alloys EMF measurements of the cell (II) were carried out to obtain the copper activity in solid Cu-Ni alloys using the apparatus shown in Fig. 1 . Alloy compositions measured were from 10 to 90 mol%Cu at 10 mol% intervals.
A first steady EMF was obtained in 86:4 $ 173 ks depending on the alloy composition. When the temperature was changed, a new steady EMF was reached after 1:8 $ 21:6 ks. The EMF that remained constant within AE0:1 mV for copper rich alloys and AE1:0 mV for copper poor alloys during 1.8 ks was regarded as equilibrium one.
The EMFs of cell (II) for nine alloys are shown in Fig. 4 as functions of temperature. For each alloy between x Cu ¼ 0:1 and 0.9 good linear relations between EMF and temperature were obtained.
From the measured EMF values of the cell (II) the activities of copper were calculated according to eq. (3);
where E, F and a Cu denote EMF of the cell, Faraday constant and activity of copper, respectively. Nickel activities were calculated by the Gibbs-Duhem integration. Copper and nickel activities in Cu-Ni alloys at 973 and 1273 K are shown in Figs. 5 and 6, respectively. The activities of copper and nickel show positive deviations from Raoult's law over the entire composition range. The activity data by other investigators are also shown in Figs. 5 and 6. Rapp et al., 29) Katayama et al. 30) and Moser et al. 31) have measured the activity of nickel in solid Cu-Ni alloys by the EMF method using zirconia-based solid electrolyte and Kontopoulos 32) by thoria based solid electrolyte. The present results agree very well with their data, though not all data were shown in the figures to avoid complexity.
Logarithms of copper and nickel activity coefficients at infinite dilution, 
The activity coefficients of copper and nickel at infinite dilution at 973 K calculated from eqs. (4) and (5) the copper activity under the present experimental conditions.
Conclusions
(Cu þ -Na þ )-00 -alumina was synthesized by ion exchange reactions starting with a Na þ -00 -alumina. Exchange from sodium ion to copper ion was achieved by immersing Na þ -00 -alumina in liquid cuprous chloride at 870 K for 86.4 ks. The exchange of Na þ ion in 00 -alumina to Cu þ ion was not complete as Na þ ion remained within the 00 -alumina. Using the partially ion exchanged (Cu þ -Na þ )-00 -alumina as a solid electrolyte, EMF measurements of the cell; ðÀÞPt/Cu(pure)=(Cu þ {Na þ )-00 -Al 2 O 3 =Cu{Ni(alloy)=PtðþÞ;
were carried out to obtain the copper activity in solid Cu-Ni alloys.
Copper activity and that of nickel obtained by the GibbsDuhem integration in this experiment agreed very well with data in the literatures.
From these experimental data, it was concluded that the (Cu þ -Na þ )-00 -alumina operates sufficiently as a solid electrolyte to measure the copper activity under the present experimental conditions, though the exchange of Na þ to Cu 
